Topological crystalline insulators are topological insulators whose surface states are protected by the crystalline symmetry, instead of the time reversal symmetry. Similar to the first generation of three-dimensional topological insulators such as Bi2Se3 and Bi2Te3, topological crystalline insulators also possess surface states with exotic electronic properties such as spin-momentum locking and Dirac dispersion. Experimentally verified topological crystalline insulators to date are SnTe, Pb1-xSnxSe, and Pb1-xSnxTe.
Introduction
As a new quantum matter, topological insulators (TIs) possess a unique electronic property; they exhibit gapped bulk bands with gapless surface or edge states that are massless and spin-polarized. 1 The surface or edge states are induced by the intrinsic bulk properties such as large spin orbit coupling, band inversion, and opposite parity of the bulk bands, 2 and topologically protected by symmetry of the material. Due to the topological protection, the surface states are immune to surface impurities or defects and cannot backscatter. A myriad of fundamental condensed matter physics phenomena as well as future electronic applications are expected in these materials.
3
The TI field has grown dramatically since its first theoretical prediction by Kane and Mele in 2005 and the experimental verification in CdTe/HgTe quantum wells in 2007. 4 This burst of growth is largely due to the discovery in 2009 that traditionally well-known thermoelectric materials such as Bi2Te3 and Bi2Se3 turn out to be three-dimensional (3D)
TIs. 5 A flurry of experiments were carried out to confirm the existence of the TI surface state in Bi2Te3 and Bi2Se3 and to study their electronic properties. These include direct imaging of the surface band structure by angle-resolved photoemission spectroscopy (ARPES), 6 linear band dispersion of the surface state and suppression of back scattering observed by scanning tunneling microscopy (STM), 7 transport verification of 2D Shubnikov-de Hass (SdH) oscillations which suggest a high mobility surface channel, 8 weak antilocalization indicating a mixture of surface states and bulk states 9 and transport measurement of Aharonov-Bohm (AB) oscillations in Bi2Se3 nanoribbons. 10 Efforts are ongoing to study the spin nature of the surface states in 3D TIs via transport and to study Majorana fermions by interfacing 3D TIs with superconductors.
11
A new class of TIs, topological crystalline insulators (TCIs), was recently predicted and experimentally verified, expanding the ever-growing TI materials family.
12
Experimentally confirmed TCIs are SnTe, Pb1-xSnxSe, and Pb1-xSnxTe. In this mini-review, nanostructured TCI SnTe will be discussed. For 3D TIs and TCIs, nanostructuring is advantageous because the surface state can be enhanced dramatically due to a much higher surface to volume ratio of nanostructures compared to the bulk.
15
Before discussing SnTe nanostructures, the theory of topological crystalline insulators and experiments based on TCI bulks and thin films will be briefly reviewed. Synthesis and transport measurements of SnTe nanostructures will be covered in detail. Distinct advantages specific to nanostructures for studying topological surface states will be highlighted. The review will conclude with ongoing efforts to improve the TCI materials and future studies based on TCI SnTe materials.
Topological Crystalline Insulators
Unlike the three known 3D TIs -Bi2Se3, Bi2Te3, and Sb2Te3, which are layered structure, 5 TCIs have a rock salt crystal structure ( Figure 1A Figure 2D ). This is due to the Dirac dispersion of the surface state. Weak anti-localization effects were also observed and analyzed in thin SnTe films grown on BaF2 (001). 33 The weak anti-localization feature was fitted to 2D Hikami-Larkin-Nagaoka equation where the parameter, α, denotes the number of conduction channels. 34 One topological surface state would result in α of 0.5.
The values for α ranged between 0.75 and 2.5. It was concluded that up to 5 quantum coherent weak antilocalization channels exist for SnTe, which is possible given multiple surface states that may contribute to the transport. However, due to possible coupling between the bulk and the surface and between the surface states, it is difficult to use weak antilocalization to study the surface states.
SnTe nanostructures

Benefits
SnTe nanostructures offer several distinct advantages compared to the thin film geometry for studying the surface states. . 36a Despite the high bulk carrier density, the unique square cross section of the SnTe nanowires provides an opportunity to probe surface states.
Similar to AB oscillation studies in Bi2Se3 nanoribbons, 10, 39 SnTe nanowires also show pronounced AB oscillations, which point to presence of surface carriers ( Figure 4B ).
36d
SdH oscillations were also observed in these nanowires. was not observed in these SnTe nanoplates. This may be due to the fact that the nanoplates were much thicker, ranging between ~ 50 nm to over 100 nm, than thin films that showed weak antilocalization.
Materials Perspectives and Future studies
Despite the initial successful experimental results on SnTe as a TCI such as direct observation of multiple surface states by APRES and 2D SdH and AB oscillations via transport, much work is left to do. Many of the challenges for SnTe TCIs are similar to those for Bi2Se3 and Bi2Te3 3D TIs. Most immediately, the bulk carrier density needs to be reduced in order to study the surface state clearly. For bulk and thin film growths, Bi and Pb have been used to decrease the bulk carrier density. 13b, 26a, 27b, 40 For nanostructure growth, doping can sometimes be much more challenging than for bulk growth. but not with the bulk or thin films, this should be pursued. Magnetic doping in SnTe will also be interesting. Unlike 3D TIs whose surface states will be gapped by magnetic impurities because they are topologically protected by time reversal symmetry, 46 surface states of TCIs will not be gapped by magnetic impurities because the topological protection comes from the crystalline symmetry 12a . It is predicted that depending on the direction of magnetic fields, surface states on {100} of TCIs can remain gapless or can be gapped, leading to quantum anomalous Hall effect. 47 Particularly, it will be interesting to study the coupling between ferromagnetism and the spin texture of the surface states.
How the surface states are modified by the structural distortion due to the phase transition from rock salt to rhombohedral needs to be characterized carefully. The phase transition
is predicted to open a small gap in the surface states on {100} as the crystal symmetry will be lost after the transition. Reprinted with permission from ref. 34a and 34d.
